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Abstract 8 
CONTEXT. Colombia has a total of 27.2 million heads of cattle, ranking fourth among the Latin American 9 
countries. Identifying sustainable strategies to mitigate greenhouse gas emissions (GHGE) will help the 10 
Colombian government meet their goal of a 51% reduction in national emissions by 2030. Estimation of 11 
yield gaps for identifying the potential to improve cattle farms productivity and efficiency in Colombia help 12 
on reducing the GHGE intensities from the cattle sector.  13 
OBJECTIVE. This paper aims to calculate the gap between attainable and actual milk and meat yields for 14 
specialized dairy, dual-purpose, cow-calf, and fattening production systems in 3 agro-ecological zones 15 
(AEZ) in Colombia; to identify the main aspects that restrict the meat and milk yields in these production 16 
systems; and analyze how closing yield gaps affect the carbon footprint (CF) of meat and milk production.  17 
METHODS. The most suitable AEZs for cattle activities were identified by considering environmental, 18 
climatic, edaphic, and land characteristics. From a dataset of 1505 surveyed farms, a yield gap 19 
benchmarking analysis for estimating the potential to increase meat and milk yields in each of the 20 
identified AEZ was applied. The most productive farms were included in the “best farms” while the rest of 21 
the farms belonged to the “farms operating below potential”. A “cradle to farm-gate” Life Cycle 22 
Assessment was used to calculate the CF. Three scenarios were proposed for closing the yield gaps by 50, 23 
75, and 100%, between the two groups of farms. 24 
RESULTS AND CONCLUSIONS. Three AEZs likely to support cattle activities in Colombia were identified. 25 
Average milk production from the farms operating below potential was 45-50% of potential production, 26 
and meat was 34-51%, indicating that a potential to achieve increases in milk and meat productivity exists. 27 
CFs of 1 kg milk or meat were lower in the groups of best-performing farms than in the groups of farms 28 
operating below potential. Yield gaps for milk and meat production can be closed by improving cattle 29 
management practices and better technologies. As a general trend, closing the yield gaps decreases the 30 
CFs. 31 
SIGNIFICANCE. Our findings contribute to understand the farms' current productive performance and 32 
provides key insights into the possible technological and managerial changes for improving the 33 
productivity of cattle systems in Colombia. In addition, the study showed how milk and meat CFs can be 34 
lowered with the adoption of proper cattle management practices, and better technologies. 35 
Keywords 36 
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1. Introduction 38 
By 2050, the world population is expected to increase by 2 billion people, reaching a total of 9.7 billion. 39 
(United Nations, 2019). In the past 50 years, animal-based production has increased around 400% at a 40 
worldwide level (Vranken et al., 2014). In addition,  during the last 30 years, the consumption of milk and 41 
meat has grown 3 times more in developing countries than in developed ones.(FAO, 2009). The increase 42 
in the human population, incomes, and urbanization in developed countries is expected to drive a 43 
continuous increase in meat and milk consumption, and in developing countries, it is expected to increase 44 
twice during the following 40 years (Herrero et al., 2016a; Rao et al., 2015). From an environmental 45 
perspective it is therefore essential that, to fulfill the future demand of animal-based food, increases in 46 
animal production rates go hand-in-hand with improved efficiency and sustainability of livestock systems 47 
(Anderson et al., 2016). 48 
At the moment, livestock and crop activities contribute between 10-12% to global greenhouse gas 49 
emissions (GHGE) and are considered one of the major sources of anthropogenic emissions (Mbow et al., 50 
2019). In Latin America, livestock activities generate around 1,889 GtCO2eq yr−1, about 25% of the global 51 
GHGE of the Agriculture, Forestry and Other Land Use (AFOLU) sector (FAO, 2019). In Latin America, cattle 52 
systems are considered a crucial source of income. Cattle production systems range from low productivity 53 
grazing based systems to more intensive and specialized systems with high production rates (Arango et 54 
al., 2020; Herrero et al., 2013). Intensification of cattle production, defined as increased production per 55 
animal and per area, through higher quality of feed and better cattle management practices, could be a 56 
key for improving meat and milk yields, and household incomes in the Latin American region (Rao et al., 57 
2015) while at the same time increasing production efficiency.  58 
In developed countries the cattle sector has shown a general trend towards production intensification, 59 
increasing animal production per animal and per unit land area used (Bava et al., 2014; Gerssen-Gondelach 60 
et al., 2017; Styles et al., 2018a). Nevertheless, in Latin America increases in production rates have not 61 
been made through increases in productivity, but rather through expanding the agricultural frontier 62 
(González-Quintero et al., 2015). This has led to negative environmental impacts such as increases in 63 
GHGE, deforestation and biodiversity loss, amongst others (Gerber et al., 2013; Smith et al., 2013). 64 
Considering this, there is an important potential in the Latin American region for increasing the cattle yields 65 
and reducing the environmental burdens through sustainable intensification of the cattle production 66 
model, as well as by adopting better cattle management practices. However, which improved 67 
management practices are attractive for farmers is still largely unknown. The identification of the main 68 
constraints of cattle production is required to establish the feasible technological changes necessary and 69 
possible to increase the productivity of these systems.  70 
Colombia has a total of 27.2 million heads of cattle, ranking fourth among the Latin American countries. 71 
In 2020, the annual beef production corresponded to 889 million kg carcass, while the milk production 72 
reached 7393 million liters (Fedegan, 2020). The GHGE from cattle activities (animals and pastures) 73 
account for 21% of national emissions inventory (IDEAM, 2018). As the Colombian government committed 74 
to lower 51% of national GHGE by 2030 (Ministerio de Ambiente y Desarrollo Sostenible, 2020), identifying 75 
sustainable cattle strategies for mitigating emissions is of paramount importance. In support of this 76 
endeavor, in this study we used the yield gap analysis for identifying the potential to improve the 77 
productivity of beef and dairy cattle farms in Colombia, and its influence on reducing the GHGE. 78 
A yield gap is defined as the difference between the attainable and current productivity for an agricultural 79 
product (Herrero et al., 2016b; van der Linden et al., 2015). Yield gap analysis is useful for estimating and 80 
exploring opportunities to increase agricultural production by identifying factors constraining production. 81 
Typically, yield gap analyses are used in cropping systems for determining differences between current 82 
and maximum attainable productivities in specific agro-ecological characteristics for a certain region, to 83 
explore possibilities for improving land productivity (Hoffmann et al., 2017; Lobell et al., 2009; Monteiro 84 
et al., 2020; Van Ittersum et al., 2013; Woittiez et al., 2017). In recent years, the application of yield gap 85 
analyses in livestock systems has been used, mainly in developing countries which are characterized by 86 
low productive performance and therefore great potential for its increase (Cortez-Arriola et al., 2014; 87 
Henderson et al., 2016; Mayberry et al., 2017; van der Linden et al., 2015). However, to our knowledge, in 88 
Colombia, no yield gap studies in cattle farms have been developed, which restricts the knowledge of the 89 
real potential for increasing the productivity of these systems.  90 
Different metrics have been proposed for standardize GHGE intensities. The carbon footprint (CF), also 91 
known as the global warming potential (GWP100), is a metric usually used in Life Cycle Assessment (LCA) 92 
studies in cattle systems for expressing GHGE intensities. The CF is defined as “the quantity of GHGs 93 
expressed in terms of carbon dioxide equivalents (CO2-e) according to the global warming potential of 94 
individual gases, emitted into the atmosphere by an individual, organization, process, product, or event 95 
from within a specified boundary” (Pandey et al., 2011).  96 
The present paper aims to (1) calculate the gap between attainable and actual milk and meat yields for 97 
specialized dairy, dual-purpose, cow-calf, and fattening production systems in 3 agro-ecological zones in 98 
Colombia; (2) to identify the main aspects that restrict the meat and milk yields in these production 99 
systems; and (3) analyze how closing yield gaps affect the carbon footprint of meat and milk production.  100 
2. Methodology 101 
Environmental, climatic, edaphic and land characteristics from 1505 farms in Colombia were used to 102 
identify Agro ecological zones. A yield gap benchmarking analysis for estimating the potential to increase 103 
meat and milk yields in each of the identified AEZ was applied. Farms were divided into the “best farms” 104 
and the “farms operating below potential”. Each group was analyzed to recognize its potential to increase 105 
productivity with respect to the “best farms”. Moreover, carbon footprint was calculated in the frame of 106 
a Life cycle assessment.  107 
2.1 Farm data 108 
Data for performing this study were acquired from the closure surveys of the project Ganadería 109 
Colombiana Sostenible conducted in Colombia. The surveys collected quantitative and qualitative data 110 
directly from producers during the year 2019. A semi-structured questionnaire was used for gathering the 111 
information provided by the cattle holders during an interview on the farm. The survey was completed for 112 
1762 cattle farms and provided information on: (a) characteristics of the farms; (b) herd structure and 113 
cattle managerial practices; (c) grazing land managing practices; (d) cattle production and reproduction 114 
information; (e) environmental management activities. The criteria used for selecting the farms, and the 115 
numerical and categorical variables included in the surveys are described in detail by González-Quintero 116 
et al (2020b). As an initial step, the database was cleaned and validated, which resulted in a dataset of 117 
1505 farms (Figure 1a). The reasons to exclude the farms from the database were i) No animal inventory; 118 
ii) Lack of farm area data; iii) Farms belonging to full-cycle productive orientation, which are those farms 119 
that develop breeding, fattening, and finishing activities, and that are out of the scope of this study ; and 120 
iv) Farms for which meat or milk yield exceeded 3 standard deviations from the mean in each production 121 
zone (see description in the next section).  122 
 123 
 124 
Figure 1. a) Distribution by Departments of the 1505 surveyed cattle farms in Colombia; b) Location of 125 
the AEZs identified for cattle activities in Colombia 126 
2.2 Agro-ecological zones and classification of farms 127 
Farms were classified according to location/agro-ecological zone and production system type. Initially, we 128 
identified the agro-ecological zones where cattle activities are developed in Colombia, by considering the 129 
location of farms, and environmental, climatic, edaphic and land variables. The establishment of agro-130 
ecological zones (AEZ) allowed us to group the farms in regions with similar climatic, edaphic, and land 131 
characteristics, which are factors beyond the control of farmers. This enabled us to compare milk and meat 132 
yields among farms located in the same AEZ, and recommend possible technological changes that can be 133 
adopted by the farms in a specific AEZ. Within each AEZ, top farmers may exemplify what can be achieved 134 
when the optimum and sustainable managing conditions are given. The methodology used to carry out 135 
the identification of the AEZs, the location of farms, and the description of the climatic, edaphic, and land 136 
variables used in the analysis are described in the supplementary material (S1).  137 
The main cattle production systems in Colombia are cow-calf, fattening, dual-purpose, and specialized 138 
dairy systems.  For the production system type classification, we separate farms into beef and dairy 139 
oriented farms. Beef production in Colombia is composed of cow-calf and fattening systems accounting 140 
for 39 and 20% of the national livestock inventory, respectively (Fedegan, 2018; Ministerio de Agricultura 141 
y Desarrollo Rural, 2019). These production orientations usually implement traditional-extensive and 142 
improved-extensive pasture based systems, cattle are permanently grazed over large plots of grasslands, 143 
with a low stocking rate, and their diets are mainly composed of native forage species with a little 144 
proportion of introduced forages, which has contributed to the low cattle yields (Barahona et al., 2003; 145 
González-Quintero et al., 2020b, 2020c; Mahecha-Ledesma et al., 2002). Milk is produced in dual-purpose 146 
(DPS) and specialized dairy cattle systems, which contribute to 55 and 45% of national milk production and 147 
account for the 35 and 6% of the total cattle population, respectively (Fedegan, 2018; Ministerio de 148 
Agricultura y Desarrollo Rural, 2019). DPS produce concurrently milk and meat, cows are partially milked, 149 
and the remaining milk is for feeding calves (Ruiz-Guevara et al., 2008). DPS are usually located in the low 150 
tropics (<1,200 m.a.s.l), are marked as pasture-based feeding systems (Ruiz-Guevara et al., 2008), and its 151 
milk yield, on an area and animal basis, is substantially lower than in specialized dairy systems. (Cortés-152 
Mora et al., 2012; González-Quintero et al., 2020a). Specialized dairy systems are defined as those where 153 
cows are milked without nursing calves, and cows and calves are typically separated few days after birth 154 
(Holmann et al., 2003). Farms belonging to these systems are located predominantly in the high tropics (> 155 
2,000 m.a.s.l), use high levels of external inputs – such as feeds, fertilizers, and amendments – and 156 
intensive management practices (Carulla and Ortega, 2016; Holmann et al., 2003). We therefore classified 157 
farms into four classes: specialized dairy, DPS, cow-calf, and fattening systems.  158 
2.3 Farm yield gap analyses - Benchmarking analysis 159 
We used a benchmarking analysis for estimating the potential to increase meat and milk yields in each of 160 
the identified AEZ. This approach used the maximum yields achieved among a sizable sample of farmers 161 
in a AEZ of interest (Lobell et al., 2009).  162 
Yield gaps were calculated for DPS and specialized dairy farms, while meat yield for cow-calf and fattening 163 
systems. DPS produce simultaneously milk and meat, the main product of studied farms was milk. In these 164 
systems, the herd structure is towards dairy production as the average percentage of adult females (cows 165 
and heifers) in the herd was 69% with a low share of raising and fattening males (around 1% of total 166 
bovines). This makes it evident the intention of farmers to produce mainly milk, although keeping meat 167 
from weaned calves as a co-product of the farm. For each productive orientation (specialized dairy, DPS, 168 
cow-calf, and fattening systems), we calculated the yield gap by estimating differences in productivities 169 
between current meat or milk yields and the attainable yields in each AEZ. (Equation 1) (Licker et al., 2010; 170 
Lobell et al., 2009). Attainable yield was established as the 90th percentile yield achieved in each AEZ, and 171 
the current yield is the actual average yield observed in each AEZ, and was calculated as the average yield 172 
of all the farms. The most productive farms, the ones with yields equal to or higher than the attainable 173 
yield, were included in the “best farms” while the rest of the sample population were included in the 174 
“farms operating below potential”. We also expressed the yield gap as a fraction of the attainable yield, 175 
which was defined as yield gap fraction. (Equation 2) (Licker et al., 2010). The yield gap fraction (ranging 176 
from 0 to 1) indicates how close to the productivity potential any AEZ may be. AEZs with a yield gap close 177 
to zero (low yield gap) have yields at or near their attainable potential. The yield gap % of increase indicates 178 
how much the farms in a specific AEZ on average must increase the current yield to achieve the attainable 179 
yield (Equation 3).  180 
𝑦𝑖𝑒𝑙𝑑 𝑔𝑎𝑝 = 𝐴𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒 𝑌𝑖𝑒𝑙𝑑 − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑      (1) 181 
𝑦𝑖𝑒𝑙𝑑 𝑔𝑎𝑝 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 − (𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑 𝐴𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒 𝑌𝑖𝑒𝑙𝑑⁄ )    (2) 182 
𝑦𝑖𝑒𝑙𝑑 𝑔𝑎𝑝 % 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = [(𝐴𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒 𝑌𝑖𝑒𝑙𝑑 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑌𝑖𝑒𝑙𝑑⁄ ) − 1] × 100   (3) 183 
2.4 Life Cycle Assessment 184 
The Publicly Available Specification standard (PAS, 2050: 2011) (BSI and Carbon Trust, 2011), which allows 185 
the quantification of GHGE of all upstream and on-farm sources based on a LCA approach, was used. We 186 
applied attributional LCA to all farms individually for quantifying the GHGE intensities of the cattle systems 187 
in a status quo situation (Thomassen et al., 2008).  188 
A “cradle to farm-gate” system boundary was defined to calculate the GHGE which includes upstream and 189 
on-farm sources. (Figure 2). Upstream GHGE arise from the manufacturing of fertilizers, amendments and 190 
supplementary feed, fuels refinery and production, and transportation of all inputs from the production 191 
site to the farm. The on-farm GHGE sources include the animals and the management of pastures (BSI and 192 
Carbon Trust, 2011). The functional units for expressing GHGE intensities corresponded to 1 kg fat and 193 
protein corrected milk (FPCM) and 1 kg LWG at the farm gate. 194 
   195 
Figure 2. General outlook of the system boundary considered for the computation of GHGE and farm level 196 
N balance - Adapted from González-Quintero et al (2021a). 197 
When a cattle farm has more than one final product, all the GHGE must be divided among all outputs (BSI 198 
and Carbon Trust, 2011). Cow-calf, DPS and specialized dairy systems produce meat and milk 199 
simultaneously, therefore the environmental burden of these systems needs to be assigned between the 200 
co-products. For specialized dairy systems, a biophysical allocation method was applied. This method was 201 
developed and described by Thoma et al. (2013) and its use in LCA studies for specialized dairy systems is 202 
highly recommended by the International Dairy Federation (IDF, 2015). The biophysical allocation method 203 
was proposed specifically for specialized dairy systems with high yield, which makes it difficult to apply in 204 
other modalities of cattle production. Therefore, cow-calf and DPS farms an economic allocation method, 205 
based on the price per kg and the total amount of milk (FPCM) and LWG produced per farm per year, was 206 
used to distribute the environmental burden.  207 
Using the fat and protein contents suggested by Carulla and Ortega (2016), in specialized dairy systems, 208 
milk production was standardized to 3.5% fat and 3.1% protein, while for DPS and cow-calf farms the 209 
values corresponded to 3.7 and 3.3% for fat and protein, respectively. Live weight gain was computed for 210 
animals raised on the farms, assuming no change in the herd size. Live weight gain was calculated from all 211 
the animals considering the daily weigh gains registered by the farms, and the animal inventory of each 212 
category of cattle 213 
Herd gross energy (GE) intake was calculated using IPCC Tier 2 equations including the daily gross energy 214 
intake per animal category which was computed considering diet digestibility and daily net energy 215 
requirements for pregnancy, lactation, growth, activity, and maintenance (Gavrilova et al., 2019) (Table 216 
S1). Dry matter intake (DMI) was quantified by dividing herd specific gross energy intake values by 18.45 217 
MJ of metabolizable energy per kg dry matter, which corresponds to the energy density of the 218 
feed(Gavrilova et al., 2019).  219 
Calculations of on-farm GHGE were performed using Tier 2 equations from the 2019 Refinement to 2006 220 
IPCC chapters 10 an 11 (Gavrilova et al., 2019; Hergoualc’h et al., 2019). These GHGE included methane 221 
(CH4) from enteric fermentation and excretions left in paddocks, nitrous oxide (N2O) from excretions 222 
deposited on pastures and fertilizer application, and carbon dioxide (CO2) emissions from lime and urea 223 
application, and from burning of fossil fuels. Emission factors (EF) used for the calculation of the primary 224 
GHGE are summarized in Table S1. Upstream CO2 emissions from imported feeds, fertilizers, and 225 
amendments were calculated with emission factors obtained from databases as is shown in Table S2. We 226 
did not account for GHGE from cattle respiration (Steinfeld et al., 2006).  227 
The quantification of nutrient flows through the nutrient balance tool, has been widely used in cattle farms 228 
for checking out N surpluses and the possibility of N leaching (Cederberg and Mattsson, 2000; Penati et 229 
al., 2011; Viglizzo et al., 2006). Considering this, for each farm, a nitrogen (N) balance at farm level was 230 
performed. The methodology and assumptions used for estimating the N balance was obtained from 231 
González-Quintero et al. (2021a), who described in detail this method.  232 
2.5 Biomass C sinks 233 
The process of displacing C from the atmosphere and its deposition in long-lived pools (e.g. the soil), is 234 
defined as carbon sequestration (de Figueiredo et al., 2017). The carbon sequestration was calculated for 235 
those on-farm land areas that changed its use, i.e., from degraded-natural pastures to scattered trees, to 236 
live fences (which are composed of trees), or to silvopastoral systems. The values of carbon stored per 237 
hectare in areas of scattered trees, live fences, and silvopastoral systems, allowed to obtain the carbon 238 
sequestration factors in the aerial biomass during its conversion from degraded pastures. For these three 239 
land uses (scattered trees, live fences, and silvopastoral systems), we used the same carbon stock in total 240 
biomass of 1.47 t C ha-1 yr-1, which was reported for silvopastoral systems in Colombia, that was converted 241 
to a carbon sequestration factor of 5.4 t CO2 ha-1 yr-1 (IDEAM; PNUD, 2018).  242 
The increase in the content of carbon in soils due to the conversion of natural or degraded pastures to live 243 
fences, scattered trees, or silvopastoral systems was not evident since they were established no more than 244 
4 years ago. Unlike aboveground biomass, the dynamics of increasing or decreasing the carbon content in 245 
the soil occurs slowly. The IPCC (2019) suggests that periods of at least 20 years are necessary to identify 246 
changes in soil carbon content. Therefore, the length of the experiments in the Ganaderia Colombiana 247 
Sostenible project, around 2 years, did not allow the identification of carbon sequestration factors to 248 
calculate the carbon sequestered in soils in converted areas. In addition, because grasslands were 249 
established more than 20 years ago, and no deforestation was identified, we did not account for GHGE 250 
from changes in soil carbon stocks on the farm (Steinfeld et al., 2006).  251 
2.6 Calculation of the carbon footprint for meat and milk 252 
Under a CF approach (conventional use of GWP100), the CO2 equivalent emissions of a given GHG was 253 
calculated as follow: 254 
𝐸𝐶𝑂2𝑒 = 𝐸𝐺𝐻𝐺 × 𝐺𝑊𝑃𝐻   (4) 255 
Where EGHG are the emissions of a specific GHG. The GWPH of the pollutants over a time-horizon of 100 256 
years were: 28 for CH4; 265 for N2O; and 1 for CO2 (IPCC, 2014). Accordingly, the CF was calculated as 257 
follow: 258 
𝐶𝐹 = 𝐸𝐶𝑂2𝑒 − 𝐶𝑂2 𝑠𝑒𝑞𝑢𝑒𝑠𝑡𝑒𝑟𝑒𝑑  (5) 259 
2.7 Technological indexes 260 
For identifying correlations among the productivity of farms, the environmental behavior, and level of 261 
technology adoption, a total of 4 technological indexes were calculated. The “infrastructure index” was 262 
obtained from the analysis of 9 items: barn, pen, chute, storehouse, electric fence, salt troughs, drinking 263 
troughs, calving paddock, and farmhouse. The “machinery and equipment index” was based on the 264 
presence or absence of: electric pump, cooling tank, scale, tractor, chainsaw, manual lawn mower, motor 265 
pump, and mechanical milking machine. The “feed management index” was obtained from the analysis of 266 
4 items: mineral salt, concentrate feed, silage, and molasses. The “reproductive management index” was 267 
composed of artificial insemination, reproductive check on cows, weighing of heifers prior to first service, 268 
recording of the calving interval, and separation of the dry lot. This last index was not evaluated for 269 
fattening systems as they do not carry out any reproductive activity. Each technological index was 270 
computed by counting all the items observed in each variable and dividing them by the total items assessed 271 
in each index.  272 
2.8 Statistical analyses 273 
In each productive orientation, by using the R software, we performed a Factor Analysis of Mixed Data 274 
(FAMD) by utilizing the FAMD function included in the library FactoMineR (R Core Team, 2016). The FAMD 275 
analysis, which includes concurrently numerical and categorical variables, seeks to reduce the 276 
dimensionality of data, and identify the principal factors that best describe the dataset (Pagès, 2004). The 277 
objective of this analysis was to identify the association in higher yielding farms with variables that reflect 278 
farm management practices, and emissions intensities. The resulting graphs after the FAMD enabled us to 279 
identify similarities/dissimilarities among production systems (distances), and correlations among 280 
numerical variables (Pagès, 2004). Before the FAMD, we performed a missing data imputation by utilizing 281 
the imputeFAMD function included in the missMDA library. (Josse and Husson 2016). 282 
The variables used in the FAMD exercise were both qualitative and quantitative and based on previous 283 
studies characterizing cattle farms in Latin America (Albarrán-Portillo et al., 2015; Cuevas-Reyes and 284 
Rosales-Nieto, 2018; González-Quintero et al., 2020a, 2020b; Rangel et al., 2020). The qualitative variables 285 
captured pasture management practices, e.g., the existence of improved pastures and silvopastoral 286 
systems, type of pastoral system (alternate, rotational, in strips) and weeding method (chemical, manual, 287 
mechanical, mixed), fertilization, application of amendments to soils. Also, a farm group variable 288 
representing ‘Best Farms’ or ‘Farms operating below potential’ was included as a supplementary variable. 289 
Quantitative variables included were infrastructure index, machinery and equipment index, feed 290 
management index, and reproductive management index. The number of animals, milk and meat yields, 291 
and the carbon footprints were included as supplementary quantitative variables to avoid their 292 
participation in the construction of the model.  293 
2.9 Scenario analysis 294 
Scenario analysis was carried out to identify how closing milk or meat yield gaps, by increasing productivity, 295 
lead to GHGE reductions in each cattle class and AEZ. Three scenarios were proposed for closing the yield 296 
gaps by 50, 75, and 100%, between the groups of best farms and the groups of farms operating below 297 
potential. To bridge the gaps in productivity, the milk yield (kg FPCM cow-1 yr-1) was increased for 298 
specialized dairy and dual-purpose systems, while for cow-calf and fattening farms the LWG production 299 
(kg LWG Animal Unit-1 yr-1) was increased. For achieving the attainable milk and meat yields, we considered 300 
the inclusion of improved pastures just in the grazing area needed to fulfill the forage requirements of the 301 
animals to achieve the milk and meat yield thresholds established. A pasture with 65% of DM digestibility 302 
and 15% of crude protein was the seeded pasture chosen (Ariza-Nieto et al., 2020). For the three scenarios 303 
proposed, the effect of closing the yield gaps on the milk and meat carbon footprint was tested for the 304 
groups of farms operating below potential, by recalculating the GHGE intensities with the increased milk 305 
and meat yields and the inclusion of better feed quality. 306 
3. Results 307 
3.1 Agro-ecological cattle zones 308 
Three agro-ecological cattle zones were identified (Figure 1b). The “AEZ North zone" grouped 689 farms 309 
and was characterized for the highest mean annual temperature (27.7 °C) and soil pH (6.42) among agro-310 
ecological zones, and the lowest annual precipitation rate (1348 mm), soil organic carbon content (21.4%), 311 
and land slope (1.61%). In “AEZ central zone” 623 farms were identified, with a mean annual temperature 312 
of 20.5 °C, the annual precipitation rate corresponded to 1919 mm, the soil pH was 5.54, and the soil 313 
organic carbon content and land slope were the highest among AEZs, with values of 45.98 and 59.7%, 314 
respectively. In “AEZ Eastern plains” a total of 193 farms were classified and showed a mean annual 315 
temperature of 25.1 °C, a soil organic carbon content of 27.36, a land slope of 1.66%, and the highest 316 
annual precipitation rate and the lowest soil pH among agro-ecological zones, with values of 3915 mm and 317 
5.33, respectively. More detailed information about the climatic, edaphic, and land attributes of the three 318 
agro-ecological zones is shown in Table S3.  319 
3.2 Farm’s characteristics 320 
Table S4 displays the general features of the farms, distributed by AEZ and productive orientation. It 321 
provides details about herd structure, milk and meat yields, land usage, and inputs utilization.  322 
All the farms belonging to specialized dairy systems were located in the AEZ Central zone (Table S4). The 323 
location of these farms is within the most suitable areas to establish and operate this productive 324 
orientation in Colombia as was reported by Fedegan (2013). Their feeding strategy is based on grazing 325 
improved pastures and supplementation with external feed. The % of the farm area with improved 326 
pastures was similar between the 10% best performing farms and the overall average farms. However, the 327 
best farms showed higher feed supplementation and fertilization rates which influenced its higher pasture 328 
productivity, stocking rate, and milk yield (Table S4).  329 
In DPS, cow-calf and fattening systems, the farms were distributed across the 3 AEZs (Table 1). For these 330 
productive orientations, in all the AEZs, the feeding strategy was grazing in improved pastures, natural 331 
pastures, and silvopastoral systems, but the groups of best farms showed higher supplementation rates 332 
of external feed. The % of the areas with improved pastures and silvopastoral systems, the fertilization 333 
rates, the pasture productivities, and the stocking rates were higher in the  best farms than in the farms 334 
operating below potential (Table S4). The above influenced the higher meat and milk yields of the 335 
outstanding groups (Table S4). 336 
3.3 Yield gaps, carbon footprint and technological indexes 337 
Table 1 displays the results of the yield gap analysis, GHGE intensities, and the technological indexes for 338 
all the productive orientations per farm group and AEZ (Table S5 shows the contingency table for the 339 
categorical variables used for the calculation of the technological indexes). The yield gap fraction of milk 340 
in specialized dairy and DPS ranged from 0.45 to 0.5 which means that the  farms operating below potential 341 
must increase their current yields in a range of 89% to 101% to achieve the productivity of best farms. 342 
According to the yield gap fraction of meat in cow-calf and fattening systems, ranging between 34% to 343 
51%, the groups of farms operating below potential must achieve increases in their current meat 344 
productivity between 51% to 104% to attain the yields of the best farms. These findings are promising 345 
since they indicate that a potential to achieve rational increases in milk and meat productivity within the 346 
same AEZ exists.  347 
Table 1.  348 
Estimation of milk and meat yield gaps using benchmarking analysis from 1505 farms localized in three distinctive Agroecological zones (AEZ).  349 
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Milk yield (kg FPCMa cow-1 yr-1)            
Top 10% farms 6498.4 1980.4 3119.2 2947.3 587.3 1195.7 1479.9 --- --- --- 
All farms 3440.3 1091.6 1550.5 1569.4 1348.9 1160.8 1138.2 --- --- --- 
LWG production (kg LWG AU-1 a yr-1)           
Top 10% farms 79.9 76.7 89.2 81.1 306.5 297.0 252.4 364.8 387.7 286.8 
All farms 85.9 87.2 96.7 95.2 170.6 174.7 166.6 210.3 203.2 140.5 
Yield gap (milk)           
kg FPCM cow-1 yr-1 3058.1 888.8 1568.7 1377.9 --- --- --- --- --- --- 
Fraction, dimensionless 0.47 0.45 0.5 0.47 --- --- --- --- --- --- 
% increase, % 89 81 101 88 --- --- --- --- --- --- 
Yield gap (LWG)           
kg LWG AU-1 yr-1 --- --- --- --- 135.9 122.3 85.8 154.4 184.5 146.3 
Fraction, dimensionless --- --- --- --- 0.44 0.41 0.34 0.42 0.48 0.51 
% increase, % --- --- --- --- 80 70 51 73 91 104 
Carbon footprint (CO2-eq kgFPCM-1)           
Top 10% farms 1.0 1.5 1.5 1.4 2.5 2.1 2.2 --- --- --- 
All farms 1.6 2.1 2.3 2.1 3.7 2.2 3.1 --- --- --- 
Carbon footprint (CO2-eq kgLWG-1) 
          
Top 10% farms 6.7 6.6 6.4 5.9 11.0 11.2 12.0 8.8 9.2 10.9 
All farms 14.1 9.4 9.9 9.1 16.3 15.5 15.2 16.1 20.8 30.9 
Technological Indexes           
Index of Infrastructure, %           
Top 10% farms 93 76 85 90 89 89 89 78 80 78 
All farms 80 48 67 60 60 53 51 54 52 49 
Index of machinery and equipment, %           
Top 10% farms 68 55 55 64 56 53 50 67 67 75 
All farms 38 18 25 28 37 25 29 34 25 25 
Index of feed management, %           
Top 10% farms 95 60 75 75 83 80 81 75 77 50 
All farms 64 40 49 45 45 39 42 49 37 42 
Index of reproductive management, %           
Top 10% farms 92 68 77 82 80 82 85 --- --- --- 
All farms 77 29 40 24 35 24 23 --- --- --- 
a FPCM: Fat Protein Corrected Milk (3.5% fat, 3.3% protein) 
b AU: Animal Unit (1 AU being either 1 cow, or 3.3 female and male calves less than 1 year, or 1.7 female and male calves 1 - 2 yr, or 1.3 heifers 2-3 yr, or 1.3 steers 1- 2 yr, or 0.8 bulls) 
350 
In DPS and specialized dairy systems, the CFs of milk were lower in the groups of best farms than in the 351 
groups of farms operating below potential (Table 1). Similarly, for cow-calf and fattening systems, the CFs 352 
of meat were lower in the groups of best farms when compared to the farms operating below potential 353 
(Table 1). The lower CFs of meat and milk obtained by the groups of best farms were influenced by their 354 
higher meat and milk yields, which reduced the GHGE intensities by diluting the environmental burden. 355 
Significant reductions in the CF of milk are possible across all AEZs, with falls between 30 and 35% for DPS 356 
farms, and 37% for specialized dairy systems. In addition, considering all the AEZs, reductions between 21 357 
and 32% in the CF of meat are achievable for cow-calf farms, and between 45 to 65% for fattening farms. 358 
Dual-purpose, cow-calf and fattening systems in Colombia are low input farms, with little use of machinery 359 
and equipment, and infrastructure adoption, as was also reported by Gonzalez-Quintero et al. (2020b, 360 
2020c, 2020a). Despite this, in these three productive orientations, the groups of best farms showed 361 
technological indexes considerably higher than the groups of farms operating below potential. Specialized 362 
dairy systems were characterized by the high adoption of machinery, equipment, and infrastructure which 363 
was reflected in better technological indexes when compared to the other productive orientations. But 364 
also in this productive orientation, the technological indexes were higher for the best farms when 365 
compared to the farms operating below potential.  366 
3.4 Contribution of primary and secondary processes to total GHGE by productive orientation and AEZ 367 
In all the productive orientations, most of the GHGE arose from animal on-farm activities (Figure 3). For 368 
DPS, cow-calf, and fattening systems, the same trend in the contribution of on-farm GHGE was observed. 369 
In these productive orientations, as fertilization was limited, and no manure management practices were 370 
performed, the main GHGE sources were enteric fermentation and manure left on pastures. In addition, 371 
due to the little use of machinery and liming, on-farm CO2 emissions were low. As a general trend, the 372 
ranking of off-farm GHGE was led by the purchased inputs such as feed, fertilizers, and amendments, 373 
followed by transport. Because the carbon sequestration values were too low, ranging from 0 to 0.027% 374 
in all the modalities of production, these were excluded from Figure 3 as were hard to show. 375 
For specialized dairy systems, we observed the same trend in the contribution of on-farm and off-farms 376 
GHGE as in the other productive orientations, being emissions from animal sources, such as enteric 377 
fermentation and excretions, the main GHGE sources. The contribution to total GHGE from purchased 378 
inputs and transport were higher when compared to the other modalities of production, as specialized 379 
dairy farms usually use higher quantities of inputs, machinery, and equipment. 380 
 381 
Figure 3. Contributions of different primary and secondary processes  to total greenhouse gas emissions 382 
from (a) Specialized dairy farms; (b) dual – purpose farms; (c) Cow-calf farms; and (d) Fattening farms; 383 
divided by AEZ. Below potential =  farms operating below potential; Best =  best farms.  384 
3.5 Associations among productivity, pasture management practices, technological indexes, and the 385 
carbon footprint 386 
Figure 4 shows the associations among the categorical variables considered in the FAMD analyses. The 387 
variable "group of farms" was included as supplementary. Figure 5 illustrates the behavior and correlations 388 
amongst numerical variables in the first two dimensions yielded from the analysis. The first two 389 
dimensions captured 33.3, 29.0, 38.2, and 49.5% of the variability for specialized dairy, DPS, cow-calf, and 390 
fattening systems, respectively. Table S6 shows the square cosine – cos2 – of the variables included in each 391 
FAMD, which represent the contributions for building the first two dimensions in each analysis. As a 392 
general trend for all the productive orientations, the graphs show an evident disaggregation of the groups 393 
of best farms and the groups of farms operating below potential, suggesting that differences in the 394 
adoption of cattle management practices related to farm productivity exist (Figure 4). 395 
 396 
Figure 4. Associations among categorical variables for (a) specialized dairy, (b) DPS, (c) cow-calf and (d) fattening 397 
farms. No.ImpPast = no improved pastures; Yes.ImpPast = yes improved pastures; No.SSP = no silvopastoral systems; 398 
Yes.SSP = yes silvopastoral systems; Alternate = alternate grazing; No.Pastoral = no grazing strategy; Rotational = 399 
rotational grazing; Strips = grazing in strips; Chem.Weed = chemical weed control; Man. Weed = manual weed 400 
control; Mech.Weed = mechanical weed control; Mix.Weed = mixed weed control; No.ControlWeed = no weed 401 
control; No.Lime = no lime application; Yes.Lime = yes lime application; No.ChemFert = no chemical fertilization; 402 
Yes.ChemFert = yes chemical fertilization; Average =  farms operating below potential; Best =  best farms.  403 
 404 
Figure 5. Spatial projection of numerical variables for (a) specialized dairy, (b) DPS, (c) cow-calf and (d) fattening 405 
farms. Infrastructure.Index = index of infrastructure; Machinery.EquipmentIndex = index of machinery and 406 
equipment; Feed.Management.Index = index of feed management; Reproductive.Management.Index = index of 407 
reproductive management practices; NumAnimals = number of cattle on farm; Milk.Yield = milk yield per cow; 408 
Meat.Yield = meat yield per animal unit; CF.Milk = carbon footprint of milk; CF.Meat = carbon footprint of meat.   409 
For specialized dairy farms, variables such as the presence of improved pastures, lime application, 410 
chemical fertilization, chemical and mixed weed control were closely correlated to the  best farms, since 411 
they are in the same area of the graph (Figure 4a). Moreover, as an overall tendency, both groups of farms 412 
used rotational grazing and tended to divide the paddocks by using electric fences. Regarding DPS, 413 
chemical fertilization, lime application, chemical, mechanical and mixed weed control, improved pastures, 414 
and grazing in strips presented a higher association with the best farms, as they were placed on the right 415 
zone of dimension 1 (Figure 4b). Regarding to cow-calf farms, variables such as chemical fertilization, lime 416 
application, mixed weed control, and the centroid of the best farms were aggregated towards the upper 417 
right side of the graph showing high association (Figure 4c). For fattening farms, there was a strong 418 
correlation amongst the implementation of rotational grazing, improved pastures, chemical fertilization, 419 
lime application, mechanical weed control with the best farms (Figure 4d).  420 
Concerning the numerical variables, in all the productive orientations variables such as milk or meat yields, 421 
number of animals, feed management index, infrastructure index, machinery and equipment index, and 422 
reproductive management index had a positive correlation among them and to the first dimension (Figure 423 
5). In addition, all these variables were negative correlated to the CF of milk or meat, which means that 424 
farms that reached the higher technological indexes and the higher milk or meat productivity can reach a 425 
lower CF per kilogram FPCM or kilogram LWG. 426 
Considering the above, for all the productive orientations studied, the meat and milk yield gaps can be 427 
closed by proper use of inputs such as feed, fertilizers, and amendments to soils; the higher use of 428 
machinery and equipment for facilitating on-farm operations; the adoption of proper pasture 429 
management practices with a higher inclusion of improved pastures, weed control, use of electric fences, 430 
and rotational grazing; and the establishment of reproductive practices such as artificial insemination, 431 
determination of the calving interval, weighing of heifers prior to first service, reproductive control on 432 
cows, and separation of the dry lot. In addition, our findings suggest that reductions in the CF of meat and 433 
milk can be achieved due to increases in productivity, which would reduce the GHGE intensities per kg 434 
product leaving the farm. 435 
3.6 Scenario analysis 436 
The CFs results after closing the milk and meat yield gaps are shown in Figure 6. As a general trend, closing 437 
the yield gaps, for all the productive orientations and AEZs, by increasing the milk and meat production in 438 
the groups of farms operating below potential, decreases the CFs. In specialized dairy and dual-purpose 439 
systems, bridging the milk yield gaps reduced the CF of milk between 21 to 50% when compared to 440 
baseline, depending on the yield gap reduction scenario. Likewise, in cow-calf and fattening systems, the 441 
CF was sensitive to increases in meat productivity, achieving reductions between 26 and 66% according to 442 
the level of yield gap closed. 443 
 444 
Figure 6. Effect of closing the yield gaps of meat and milk by 50, 75, and 100% on the CF for a) Specialized dairy and 445 
dual-purpose systems, and for b) Cow-calf and fattening systems. 446 
4. Discussion 447 
Several studies of yield gaps in the agronomy field have been reported, however, yield gaps studies in the 448 
livestock sector are few, and to our knowledge, in the Latin America Region only one study has been 449 
performed in smallholder dairy cattle farms in Mexico (Cortez-Arriola et al., 2014). The estimation of yield 450 
gaps in livestock systems is a relatively recent approach, and a standard method for its development has 451 
not been established yet (Mayberry et al., 2017). Therefore, using the yield gaps analysis methods 452 
implemented in the agronomic field and applying them to the cattle sector would be of great utility.  453 
We performed a yield gap analysis by using the benchmarking approach with data collected directly on 454 
farms, which reduce the variability that can be present when an ideal modelled scenario is performed 455 
instead. We identified the yield gaps for beef and dairy production in 3 AEZs in Colombia based on 456 
attainable yields obtained by the best performing. In the 3 AEZ, substantial yield gaps for dairy and beef 457 
systems were found, thereby, bridging these gaps can bring benefits to the productive and environmental 458 
performance of farmers. Therefore, we proposed possible technological changes for increasing meat and 459 
milk productivity, in each productive orientation and AEZ based on our analyses. In addition, we identified 460 
a potential reduction in the GHGE intensities by adopting improved cattle management practices and 461 
technologies. 462 
By identifying AEZs according to climatic, edaphic, and land characteristics, we intended to control 463 
variations in environmental factors which are beyond the control of farmers. However, the estimation of 464 
yield gaps may still include additional environmental factors that farmers cannot control, as was also 465 
reported by Henderson et al. (2016). In addition, we did not consider issues regarding farmer incomes and 466 
skills, labor, nor the operating profit, as was also the case informed by Cortez-Arriola (2014) in Mexico. 467 
However, we are confident that within each AEZ, the most productive farms reflect what is achievable in 468 
terms of meat and milk productivity by using practices that can be developed by any other farm. 469 
4.1 Quantifications of meat and milk yield gaps and potential productivities 470 
In all the AEZs, closing the productivity gaps by increasing the meat and milk yields in the groups of farms 471 
operating below potential would provide productive and environmental benefits (Table 1). The 472 
benchmarking approach allowed us to calculate the maximum quantities of LWG (kg LWG per Animal Unit) 473 
and milk (kg FPCM per cow) that could be produced in a specific AEZ. In addition, identifying the best cattle 474 
management practices and their correlation to current meat and milk yields provides insights into how 475 
farms operating below potential could increase their productivity to levels similar to those achieved by the 476 
best farms.  477 
For all the productive orientations and AEZs, potential increases in meat and milk productivities were 478 
substantial (Table 1). It is important to remark that our calculations were made after distributing the farms 479 
by the modality of production and then by AEZ, which allowed us to control variations in environmental 480 
aspects and suggest measurements for improving the productivity of farms within the same AEZ. Our 481 
findings suggest that increasing the productivity of farms should be performed by improving the 482 
managerial abilities (e.g., grazing management strategies, weed control methods, and appropriate use of 483 
fertilizer and amendments to soils), the quality and availability of forages, the adoption of improved 484 
pastures and reproductive management practices, and the adequate use of inputs and technology (Table 485 
1; Figures 5 and 6). In Latin America, different characterization studies of beef and dairy cattle systems 486 
have reported similar results to ours, indicating that improvements in productivity can be achieved by 487 
enhancements in technological areas of feeding, reproduction, pastures management, and animal 488 
management (Cuevas-Reyes et al., 2013; Cuevas-Reyes and Rosales-Nieto, 2018; González-Quintero et al., 489 
2020c, 2020b, 2020a; Hernández-Morales et al., 2013; Rangel et al., 2020, 2017). The above points out a 490 
path for enhancing yields and reducing GHGE in cattle systems in Latin America. However, it has been 491 
reported limitations for adopting technology by the Latin-American cattle farmers such as lack of financing 492 
and access to loans, low access to training and technical assistance, land tenure, traditional mindsets, and 493 
availability of labor force (Arango et al., 2020). There is an important opportunity to foster public policies 494 
focused on GHGE mitigation in cattle systems considering the implementation of better technologies and 495 
cattle management practices, where public or private farmer support services are crucial for its adoption. 496 
Therefore, to reach a high adoption rate of better technologies by ranchers would imply joint actions 497 
among the government, the private sector, and producers.  498 
In each productive orientation, yield gap fractions for milk and meat were distributed in small ranges along 499 
all the AEZs, between 0.45 to 0.5 for milk, and 0.34 to 0.51 for beef, which suggest that a considerable 500 
scope for increasing production exist (Table 1). Consequently, we found that the potential for increasing 501 
meat and milk yields ranged from 51 to 104% and from 81 to 101%, respectively. The potential 502 
improvements found for meat and milk are comparable with the results of some yield gap studies 503 
developed for cattle systems in different regions in the world. By modeling the potential meat yields, van 504 
der Linden et al. (2015) found that yield gaps for meat in two beef production systems in France were 43 505 
and 54%. In addition, by using the benchmarking approach, Mayberry et al. (2017) calculated that milk 506 
yields could be increased between 114 and 219% in Ethiopia, and between 143 and 261% in India. 507 
Henderson et al. (2016) performed an assessment in yield gaps for smallholders dairy farms in six Sub-508 
Saharan African countries, estimating that potential milk yield improvements varied between 28 and 509 
167%. Although Henderson et al. (2016) used a different approach, the so-called frontier analysis, our 510 
findings were within the range reported by them. Moreover, Cortez-Arriola et al. (2014) calculated the 511 
productivity gaps of smallholder dairy farms in Mexico by considering differences in milk production on a 512 
real farm with a modeled farm, which ranged between 41 to 92%. Monteiro et al. (2020) performed a yield 513 
gap study at a global level considering grazed-only livestock production systems, however, their findings 514 
were expressed in total protein production from meat and milk per unit of area (kg protein km-2 yr-1), 515 
making it difficult the comparison to our results. Although Monteiro et al. (2020) used a similar 516 
benchmarking method as ours, their evaluation consisted of using gridded spatial data comparing average 517 
yields to maximum yields from field trials and top-performing farmers. This approach could hide some of 518 
the variability that would be present when using primary data obtained at the farm level. van der Linden 519 
et al. (2021) calculated a yield gap of 10.6% for high-productive dairy systems in the Netherlands by 520 
considering the difference between the potential and current milk yield, which indicates that these 521 
systems are close to their potential milk productivity, what differs from our findings. To our knowledge, 522 
yield gaps studies for beef systems in Latin America have not been reported yet, which makes this study 523 
an important reference.  524 
It has been reported that in Colombia, average milk yields in specialized dairy systems range between 12 525 
and 14 L cow−1 day−1 for conventional systems and over 25 L cow−1 day−1 for outstanding high-tech farms 526 
(Carulla and Ortega, 2016; Fedegan, 2013). The best farms in the specialized dairy systems showed higher 527 
milk productivity (19.5 L cow−1 day−1) than the conventional systems, but their figures were lower than 528 
those reported for the outstanding farms. The above was because high-tech farms are exclusively located 529 
in the high tropics, are high input systems, and animals graze exclusively on improved pastures which 530 
makes their milk productivity higher (Carulla and Ortega, 2016). The farms operating below potential 531 
reported a milk production of 10.3 L cow−1 day−1, therefore, closing the productivity gaps would make 532 
these farms overcome the average milk yields of the conventional specialized dairy systems in Colombia. 533 
The milk yield reported for the average DPS in Colombia is 3.5 L cow−1 day−1, and outstanding farms 534 
characterized by the adoption of improved cattle management practices have reported productivities of 535 
6.8 L cow−1 day−1 (Carulla and Ortega, 2016; Fedegan, 2013). In the AEZ North zone, the best farms showed 536 
a milk production (6.2 L cow−1 day−1) close to those reported by the intensified systems, while the farms 537 
operating below potential reached similar yields (3.4 L cow−1 day−1) to the average figures for DPS in 538 
Colombia. In AEZs Central zone and Eastern plains, the milk productivity in the best farms ranged between 539 
9.8 and 9.2 L cow−1 day−1 respectively, being higher than the average milk yields reported by the intensified 540 
DPS (Carulla and Ortega, 2016; Fedegan, 2013). In addition, farms operating below potential in AEZs 541 
Central zone and Eastern plains showed higher milk yields (4.8 and 4.9 L cow−1 day−1 respectively) than the 542 
average milk productivity of DPS in Colombia (Carulla and Ortega, 2016; Fedegan, 2013). Hence, closing 543 
the yield gaps would lead farms operating below potential to attain productivities equal to or higher than 544 
the high productive DPS in Colombia, depending on the location of farms. 545 
The average LWG for cow-calf systems in Colombia range from 0.2 to 0.38 kg animal-1 day-1, and 546 
outstanding farms reported 0.53 kg animal-1 day-1 (Fedegan, 2013). In all the AEZs, farms operating below 547 
potential informed an average LWG between 0.28 and 0.32 kg animal-1 day-1, that fell in the national 548 
average range of meat productivity. The groups of best farms reached a LWG between 0.43 to 0.53 kg 549 
animal-1 day-1 which was similar to meat yields obtained by the outstanding farms. The above points out 550 
that, closing yield gaps and reach levels of production similar to best-performing farms within an AEZ, 551 
would lead farms operating below potential to reach the average national meat productivity of cow-calf 552 
systems. 553 
Considering the fattening farms, in the three AEZs, the groups of best farms show meat yields between 554 
0.5 and 0.6 kg animal-1 day-1, while in the farms operating below potential, the daily weight gain ranges 555 
from 0.27 to 0.37 kg animal-1 day-1. It has been reported that, the average LWG of fattening systems in 556 
Colombia vary between 0.25 to 0.35 kg animal-1 day-1, and the high productive farms have reported a LWG 557 
of 0.61 kg animal-1 day-1 (Fedegan, 2013). The groups of best farms achieved meat yields similar to the high 558 
productive farms, while the meat productivity of farms operating below potential fell in the range 559 
informed for the fattening operations in Colombia. Therefore, bridging the productivity gaps would 560 
increase meat yields to levels currently showed by the high productive fattening systems. 561 
4.2 Contribution of primary and secondary activities to total GHGE, and effects of closing the yield 562 
gaps on the carbon footprints 563 
The contribution of animal sources such as enteric fermentation and excretions deposited on pastures to 564 
total GHGE emissions was high, a common finding reported for cattle systems where CH4 and N2O are the 565 
most critical GHGE requiring mitigation actions (Gerber et al., 2013). A similar pattern was reported for 566 
beef cattle systems and grazing dairy production systems in Latin America, where emissions from bovines 567 
represented most of the total GHGE (Cerri et al., 2016; Costantini et al., 2020; de Léis et al., 2015; González-568 
Quintero et al., 2021b, 2021a; Lizarralde et al., 2014; Ribeiro-Filho et al., 2020). As a general trend in all 569 
the productive orientations, the contribution to total GHGE of off-farm emissions from inputs 570 
manufacturing was low when compared to more intensive farming systems located in developed countries 571 
(Lesschen et al., 2011; Pelletier et al., 2010). Nevertheless, in specialized dairy systems which used more 572 
inputs such as fertilizers, feeds, and fossil fuels than the other productive orientations, the contribution of 573 
off-farm emissions was also higher. A similar trend was also informed for dairy farms in Denmark, 574 
Germany, Uruguay, and UK, because as farms intensify their production by using higher quantities inputs 575 
and technology, the proportion of emissions coming from on-farm activities decreases (Gerssen-576 
Gondelach et al., 2017; Kristensen et al., 2011; Lizarralde et al., 2014; O’Brien et al., 2014; Salvador et al., 577 
2016).  578 
The inverse correlation between GHGE intensity and productivity of beef and dairy cattle production 579 
systems has been documented by several studies at a global scale (Gerber et al., 2011, 2010, 2013), and 580 
at regional level in Latin American (de Léis et al., 2015; Gaitán et al., 2016; González-Quintero et al., 2021a, 581 
2021b; Morel et al., 2016; Nieto et al., 2018), which indicates the strong influence of increasing the meat 582 
and milk production on the dilution of GHGE. This study makes a further contribution to these findings, as 583 
we found that considerable GHGE mitigation potentials are achievable by the less productive farms when 584 
increase their productivity. Therefore, considering the three scenarios proposed, closing the yield gaps by 585 
increasing productivity, the implementation of improved cattle management practices, and by improving 586 
the technological indexes would lowering the CF by 26 to 66% and by 21 to 50% for meat and milk, 587 
respectively.  588 
In high-productive cow-calf systems in Canada, USA, and Ireland, characterized for a high-quality diet (high 589 
digestibility and crude protein content), high reproductive rates, and intensive use of inputs, the CFs of 590 
beef ranged between 10 and 11 kgCO2eq kgLWG-1. Furthermore, cow-calf operations in Argentina, 591 
Colombia, and Uruguay with a feeding regime based on natural and improved pastures grazing reported 592 
CFs between 11.4 and 32.2 kgCO2eq kgLWG-1 (Arrieta et al., 2020; Becoña et al., 2014; Faverin et al., 2019; 593 
González-Quintero et al., 2021a). For fattening operations in Argentina, Brazil, Colombia, Ireland, 594 
Paraguay, Uruguay, and US, the CFs varied between 9 and 43 kgCO2eq kgLWG-1 (Arrieta et al., 2020; Casey 595 
and Holden, 2006; Costantini et al., 2020; Dick et al., 2015; González-Quintero et al., 2021a; Modernel et 596 
al., 2018; Pelletier et al., 2010; Ruviaro et al., 2015). As a general trend in these studies, the most 597 
productive farms obtained the lowest CFs. Similarly, for the studied cow-calf and fattening systems, the 598 
CFs for meat obtained by the groups of best farms coincided with the lower end of the ranges reported in 599 
cited studies. In addition, in specialized dairy systems, the groups of best farms showed CFs close to those 600 
reported in high productive farms in Denmark, Ireland, Italy, UK, and Uruguay characterized by high input 601 
use, superior animal breeds and high-quality diets (high digestibility and crude protein content) (Battini et 602 
al., 2016; Kristensen et al., 2011; Lizarralde et al., 2014; O’Brien et al., 2015; Salvador et al., 2017; Styles 603 
et al., 2018b). Similarly, the CFs obtained by groups of best farms in the DPS were lower than those 604 
obtained by climate-smart DPS in Nicaragua and the most productive DPS in Colombia and Costa Rica 605 
(Gaitán et al., 2016; González-Quintero et al., 2021b; Mazzetto et al., 2020). Considering the above, closing 606 
the existing meat and milk yield gaps would make most farms achieve carbon footprints similar to those 607 
reported by high-productive beef and dairy systems in different regions of the world, which gives an insight 608 
about the potential for reducing GHGE intensities in the Colombian cattle systems. 609 
5. Conclusions 610 
We describe the main characteristics of 3 AEZs that support cattle activities in Colombia. Through a yield 611 
gap analysis for cattle systems located in each AEZ, we identified key differences in farm management 612 
practices between best farms and farms operating below potential that impact the productivity of the 613 
systems. The best farms showed better implementation and adoption of: infrastructure, machinery and 614 
equipment, and feed, reproductive, and pasture management practices. 615 
The results of our analysis showed that substantial yield gaps for beef and milk in Colombian cattle systems 616 
exist, and there is considerable scope for improving yields and environmental performance with 617 
technological options and practices already adopted by farmers. Farms operating below potential can 618 
improve the meat and milk yields, and thereby close the productivity gaps in each ACZs a, through the 619 
adoption of improved feed, reproductive and pasture management practices, by improving the managerial 620 
abilities, the quality and availability of forages, and the adequate use of inputs, technology, and 621 
equipment. 622 
The meat and milk productivities were negatively associated to carbon footprint, which suggests that 623 
closing the yield gaps by increasing production can be an important mitigation strategy of climate change 624 
in the Colombian context, and thereby, help to achieve the Nationally Determined Contribution which 625 
aims to mitigate 51% GHGE by 2030 compared to the BAU scenario (Ministerio de Ambiente y Desarrollo 626 
Sostenible, 2020), while producing foods of high nutritional value in a country that lacks food security and 627 
sovereignty. Considering the observed yield gap values and future climate change projections, it will be 628 
both productively and environmentally important to promote knowledge transfer between farmers for 629 
better managerial cattle practices that lead to increase productivities on farms.  630 
Our findings contribute to understand the farms' current productive performance and provides key 631 
insights into the existing technological changes for improving the productivity of cattle systems in 632 
Colombia. In addition, the study has thus identified the main hotspots of greenhouse gas emissions of 633 
Colombian cattle farms and showed how milk and meat carbon footprints can be lowered with the 634 
adoption of improved cattle management practices, and better technologies. This study will inform 635 
policies that allow improvements in productivity indicators and GHGE mitigation in Colombian cattle 636 
systems from a bottom-up approach.  637 
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